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Abstract. The study of deeply virtual Compton scattering (DVCS) has shown that electromagnetic gauge
invariance requires, to leading order, not only twist-two but additional twist-three contributions. We apply
this analysis and, using the Ellis-Furmanski-Petronzio factorization scheme, compute the single- (electron)
spin asymmetry arising in the collision of longitudinally polarized electrons with hadrons up to twist-3
accuracy. In order to simplify the kinematics we restrict the actual calculation to pions in the chiral limit.
The process is described in terms of the generalized parton distribution functions which we obtain within
a bag model framework.

PACS. 13.60.Fz Elastic and Compton scattering – 12.38.Bx Perturbative calculations

1 Introduction

Hard reactions provide important information for unveil-
ing the structure of hadrons. The large virtuality, Q2, in-
volved in these processes allows the factorization of the
hard (perturbative) and soft (non-perturbative) contribu-
tions in their amplitudes. Therefore these reactions are
receiving great attention by the hadronic physics com-
munity. Among the hard processes one, which merits to
be singled out, is the deeply virtual Compton scattering
(DVCS) because it can be expressed, in the asymptotic
regime, in terms of the so-called generalized parton dis-
tributions (GPDs) [1–3]. The GPDs describe non-forward
matrix elements of light-cone operators and therefore mea-
sure the response of the internal structure of the hadrons
to the probes. Moreover DVCS is instrumental in the ex-
perimental interpretation of the angular-momentum sum
rule [4].

It has been shown that the implementation of gauge
invariance in the analysis of the DVCS amplitude in the
asymptotic regime, i.e. large virtuality of the incoming
photon, requires the inclusion of twist-3 contributions [5–
13]. Let us explain the reason in a brief manner. In lead-
ing twist, in the Bjorken limit, the Lorentz structure of
the hard subgraph of the DVCS amplitude’s leading di-
agram has, at large Q2, the form of a transverse projec-
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tor. The virtual photon momentum in the form of the
Sudakov decomposition contains a transverse component
too. Thus, their contraction does not vanish and electro-
magnetic gauge invariance is violated. To restore it, next-
to-leading order terms in the asymptotic expansion to the
DVCS amplitude, which are proportional to the trans-
verse component of the momentum transfer, have to be
included. These terms, which are twist 3, could give rise
to the dominant contribution in some observables. One
of them is the single-spin asymmetry (SSA), which arises
in the collision of longitudinally polarized electrons with
hadrons, and which we will analyze in here1.

In this first paper we deal with a spin-zero massless tar-
get, the pion. The same procedure could be applied to the
scattering off unpolarized nucleons. However this calcula-
tion would require keeping the mass terms of the nucleon,
a complication which we want to avoid at present [15].
Moreover, in the case of polarized nucleons, one could
study besides the SSA other asymmetries, however the
complexity of the analysis, with the existence of many dif-
ferent GPDs, is postponed for a future publication [15]. In
order to calculate the twist 2 and twist 3 GPDs contribut-
ing to the SSA2, a crucial ingredient of the calculation, we

1 Recently, a detailed report with the description of all pos-
sible asymmetries has appeared in the literature (see ref. [14]).

2 The used definition of twist can be found in ref. [16].
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use an MIT bag model scheme with boosted wave func-
tions.

The plan of our paper is as follows. In sect. 2 we de-
scribe the kinematics and introduce the appropriate no-
tations. The DVCS amplitude for the pion, including up
to twist-3 contributions, is presented in sect. 3. We fol-
low the description of ref. [6], where, using a generaliza-
tion of the Ellis-Furmanski-Petronzio (EFP) factorization
scheme [17], a complete gauge-invariant DVCS amplitude
has been obtained. In sect. 4 we outline the basic ingredi-
ents of our approach and calculate all the parametrizing
functions (GPDs). Then in sect. 5 we give the numerical
estimates of the SSA parameter for the case under study
and discuss our results.

2 eh → γeh process: kinematics and
notations

Our starting point is the electron-hadron scattering into
real photon, electron and hadron,

e(k) + π(p) → γ(q′) + e(k′) + π(p′), (1)

assuming that the electron is longitudinally polarized. We
will consider the electron to be massless,

k2 = k′ 2 = 0 (2)

and, that the hadron is a pion, which we take also to be
massless (chiral limit),

p2 = p′ 2 = m2
π → 0. (3)

In QED, to lowest order, the reaction (1) takes place via
the Bethe-Heitler (BH) process, where the final real pho-
ton is emitted by one of the electrons, and the virtual
Compton process

γ∗(q) + π(p) → γ(q′) + π(p′), (4)

which becomes the DVCS process if the square of virtual
photon momentum q = k − k′ is very large, i.e.

Q2 = −q2 → ∞. (5)

For the Bethe-Heitler process the amplitude is given by

T(BH) = −e3ū(k′)
{

ε̂∗
k̂ − ∆̂

(k − ∆)2
γµ + γµ

k̂′ + ∆̂

(k′ + ∆)2
ε̂∗

}

×u(k)
1

∆2
Γµ(p, p′), (6)

where

∆ = p′ − p (7)

and the electromagnetic vertex of the pions takes the stan-
dard form

Γµ(p, p′) = (p + p′)µF+(∆2). (8)

F+(∆2) is the electromagnetic form factor of the pion. The
virtual Compton (VC) process amplitude is given by

T(VC) = ū(k′)γµu(k)
1

Q2
TDVCS

µα ε∗α, (9)

where TDVCS
µν corresponds to the DVCS subprocess.

To describe the reaction (1) it is useful to introduce
the following dimensionless fractions:

x =
Q2

2p · q , y =
p · q
p · k ,

z =
p · p′
p · q , or

p · q′
p · q . (10)

These fractions can be related with the Mandelstam vari-
ables of reaction (1) and of the DVCS subprocess. Indeed,
if we introduce the following variables:

ŝ = (q + p)2, t̂ = (p′ − p)2, (11)

for the DVCS subprocess, and

S = (k + p)2 ≈ 2k · p, (12)

for the reaction (1), the following relations hold:

Q2 = xyS, ŝ = (1 − x)yS, t̂ = ySz. (13)

Since we neglect the pion mass, the most suitable sys-
tem of reference is the center of mass of the virtual photon-
pion system, where

k = E(1, sin β, 0, cos β),
q = (Q0, 0, 0,−Ep),
p = Ep(1, 0, 0, 1),
p′ = Ep′(1, sin θ cos φ, sin θ sin φ, cos θ), (14)

and

Ep =
ŝ + Q2

2
√

ŝ
, Ep′ = Eq′ =

1
2

√
ŝ, (15)

E =
S − Q2

2
√

ŝ
, Q0 =

ŝ − Q2

2
√

ŝ
. (16)

Moreover, we define φ to be the angle between the plane
formed by the three-dimensional vectors q′ and k (leptonic
plane) and the plane formed by the three-dimensional vec-
tors q′ and p′ (hadronic plane). It can then be easily seen
that the other angles satisfy the following relations:

cos θ = 1 − 2z, cos β = 1 − 2(1 − x)
1 − xy

. (17)

3 DVCS amplitude off pions up to twist 3

In this section we focus on the DVCS amplitude off pions.
We start from the expression for the virtual Compton scat-
tering amplitude which can be written as usually in the
form

Tµν = i

∫
d4z eiq′z 〈p′|TJµ(0)Jν(z)|p〉, (18)
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where Jµ is the electromagnetic quark current

Jµ(x) = ψ̄(x)Q γµ ψ(x). (19)

In eq. (19) Q is the charge quark matrix, which is equal to

1
6
(1 + 3τ3), for SUf(2) (20)

and to

1
2

(
λ3 +

1√
3
λ8

)
, for SUf(3). (21)

Here τi and λi are the conventional Pauli and Gell-Mann
matrices for two and three flavors, respectively.

As discussed before a gauge-invariant DVCS amplitude
cannot be written down unless the twist-three contribu-
tions to the amplitude are taken into account. Here we
would like to recall, briefly, the results obtained in ref. [6]
and reproduced by several groups [7–9].

The main point of these analyses is that, the viola-
tion of the photon gauge invariance, is proportional to the
non-zero transverse component of the virtual photon mo-
mentum [5]. In other words, the convolution of the leading-
order DVCS amplitude with the virtual photon momen-
tum is proportional to the first degree of transversity that
corresponds to twist 33. Hence to obtain the complete
gauge-invariant DVCS amplitude we have to consider all
terms which are linear combinations of the transversity.
This situation is not surprising and similarity with the
transverse polarization in deep-inelastic scattering off nu-
cleons can be recalled [18,19].

Therefore, in order to preserve the electromagnetic
gauge invariance up to leading order within the general-
ized EFP factorization scheme, one must add to diagram
(a) of fig. 1, consisting of a hard part with two quark legs4,
the diagram consisting of a hard part with two quark legs
and one transverse gluon (see diagram (b) of the same fig-
ure). This latter diagram is entirely twist 3, while diagram
(a) contains, besides the standard twist-2 term produced
by the good components of the quark fields and collinear
parton momenta, a twist-3 term, which can be related to
the quark gluon contribution of (b) by means of the equa-
tions of motion.

After performing the T -product for the two electro-
magnetic currents and going from the four-dimensional
integration over z to the one-dimensional integration over
the x-fraction, the amplitudes of diagrams (a) and (b) may
be written as [6,20]

T (a)
µν + T (b)

µν =
∫

dxtr {Eµν(xP )Γ (x)}

+
∫

dx1dx2tr {Eµρν(x1P, x2P )ωρρ′Γρ′(x1, x2)} , (22)

3 In the present case, the transversity is the transverse com-
ponent of the momentum transfer.

4 In this paper we deal with the Born diagrams only. The
EFP factorizing scheme for the general case can be found in [6].

(a)

k3

k2

k1

q’q

p’p

k4

k3k2

(b)

k1

q’q

p’p

Fig. 1. The diagrams contributing to the DVCS amplitude in
the EFP factorization scheme, k1 = xP −∆/2, k3 = xP +∆/2
for (a); k1 = x1P − ∆/2, k4 = x2P + ∆/2 for (b).

where ωρρ′ = δρρ′ − nρ′Pρ, and

Eµν(xP ) = γµS

(
xP − ∆

2
+ q

)
γν + crossed ,

Eµρν(x1P, x2P ) = γµS

(
x1P − ∆

2
+ q

)
,

γρS

(
x2P − ∆

2
+ q

)
γν + crossed ,

Γ (x) = −
∫

dλ ei(x+ξ)λ
Nf∑

a=1

e2
a 〈p′|ψa(λn)ψ̄a(0)|p〉 ,

Γ ρ′
(x1, x2) = −

∫
dλ1dλ2 ei(x1+ξ)λ1+i(x2−x1)λ2 ,

Nf∑
a=1

e2
a 〈p′|ψa(λ1n)

↔
Dρ′

(λ2n)ψ̄a(0)|p〉. (23)

Here Dµ is the QCD covariant derivative in the fundamen-
tal representation. We will follow the notation of ref. [6],
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i.e.,

P =
p + p′

2
, ∆ = p′ − p (24)

and

n =
q′

P · q′ , ∆T = ∆ + 2ξP , −2ξ = ∆ · n . (25)

The use of the QCD equations of motion lead to the
following expectation values:

〈p′|
−−−→
D̂(z)ψ(z)ψ̄(0)|p〉=0, 〈p′|ψ(z)ψ̄(0)

←−−−
D̂(0)|p〉=0. (26)

Keeping only the non-zero (axial and vector) projections
of the quark and quark-gluon correlators, we are able to
express the tree-body (quark-gluon) parametrizing func-
tions in terms of the two-body (quark) parametrizing
functions. As a result of this trick, the amplitude corre-
sponding to diagram (b), expressed by means of two-body
parametrizing functions, grouped together with the ampli-
tude corresponding to diagram (a), expressed also by two-
body parametrizing functions, leads to a gauge-invariant
DVCS amplitude, which reads

TDVCS
µν = − 1

2P · Q

∫
dx

(
1

x − ξ + iε
+

1
x + ξ − iε

)
Tµν ,

(27)

where

Tµν = H1(x)

(
−2ξPµPν − PµQν − PνQµ

+gµν(P · Q) − 1
2
Pµ∆T

ν +
1
2
Pν∆T

µ

)

−H3(x)
(
ξPν∆T

µ + 3ξPµ∆T
ν + ∆T

µ Qν + ∆T
ν Qµ

)
− ξ

x
HA(x)

(
3ξPµ∆T

ν − ξPν∆T
µ − ∆T

µ Qν + ∆T
ν Qµ

)
.

Here the parametrizing functions (GPDs) are

Hi(x) =
Nf∑

a=1

e2
aHa

i (x),

i = {1, 3, A}, Nf = number of flavors, (28)

which were defined in ref. [6], and whose calculation we
show in sect. 5. The DVCS amplitude is complex, due to
the factor in front of Tµν in eq. (27), leading therefore to
a non-vanishing SSA, which could be seen in the collision
of longitudinally polarized-electron beams with pions.

4 Single-spin asymmetry parameter

We next calculate the SSA parameter [2] as a function of
the angle φ between the leptonic and hadronic planes. The
SSA parameter is given by

AL =
dσ(→) − dσ(←)
dσ(→) + dσ(←)

, (29)

where dσ(→,←) denotes the differential cross-section with
different helicities for electrons.

The difference of cross-sections in the numerator of
(29) is defined by the imaginary part of the convolution of
the leptonic tensor with the hadronic tensor and consists
of two terms

dσ(→) − dσ(←) = ∆dσ(I)(→;←) + ∆dσ(S)(→;←). (30)

The first term in (30), ∆dσ(I)(→;←), emanates from the
interference between the Bethe-Heitler and the virtual
Compton processes. Its contribution is equal to

∆dσ(I)(→;←) = (dPS)32
e6

Q2t̂
L(Inter)

µν,α ImH(Inter)
µν,α , (31)

where (dPS)3 is the three-particles phase space, and the
leptonic tensor L

(Inter)
µν,α is given by the following trace:

L(Inter)
µν,α =tr

(
γµk̂

{
γν

k̂′+∆̂

(k′+∆)2
γα+γα

k̂−∆̂

(k−∆)2
γν

}
k̂′

)
.(32)

Finally, the hadronic tensor H
(Inter)
µν,α is given by

H(Inter)
µν,α = TDVCS

µν (p + p′)αF+(t). (33)

The second term in (30), ∆dσ(S)(→;←), is related to
the square of the virtual Compton amplitude and is de-
fined by the expression

∆dσ(S)(→;←) = (dPS)32
e6

Q4
L(S)

µν ImH(S)
µν , (34)

where the leptonic tensor L
(S)
µν is

L(S)
µν = tr

(
γµγ5k̂γν k̂′

)
, (35)

and the hadronic tensor H
(S)
µν is given by

H(S)
µν = TDVCS

µα (TDVCS
να )+. (36)

Calculating the traces in (32) and (35), and the imagi-
nary parts of (33) and (36), which arise in the DVCS am-
plitude as discussed before, we obtain for the first term in
the difference of cross-sections [6]

∆dσ(I)(→;←) = (dPS)3
e6F+(t)4ξ

q2t(k − ∆)2(k′ + ∆)2
εkk′P∆

×
∫

dx (δ(x + ξ) − δ(x − ξ)) ·
(

H1(x)((k + k′) · P )

+2H3(x)(k′ · ∆T ) +
2ξ

x(P · Q)
HA(x)

(
(k · ∆)(k′ · P )

−(k′ · ∆)(k · P )
))

, (37)
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and for the second term

∆dσ(S)(→;←) = (dPS)3
e6

q4
εkk′P∆

2ξ

(P · Q)

∫
dxdx′

×
(

[δ(x + ξ) − δ(x − ξ)]
[

P
x′ − ξ

+
P

x′ + ξ

]

− [δ(x′ + ξ) − δ(x′ − ξ)]
[

P
x − ξ

+
P

x + ξ

])

·
(

H1(x)H3(x′) − H1(x′)H3(x)

+
[
H1(x′)

HA(x)
x

− H1(x)
HA(x′)

x′

]
ξ

)
. (38)

Let us recall the notation for (37) and (38): F+(t) is the
pion electromagnetic form factor, arising from the Bethe-
Heitler diagrams, k and k′ denote the momenta of the
initial and final electron.

A careful analysis of eqs. (37) and (38) shows that the
twist-3 parametrizing functions (GPDs) H3 and HA ap-
pear in (37) as corrections to the twist-2 parametrizing
function H1, while in eq. (38), the twist-3 parametrizing
functions, appear in the leading terms, and therefore, it is
important to emphasize that they give the main contribu-
tion.

Next, we turn to the consideration of the DVCS pro-
cess off pions with unpolarized leptons. The cross-section
for this case is

dσunp = (dPS)3
(
|T(BH)|2 + |T(VC)|2

+(T(BH)T
∗
(VC) + T(VC)T

∗
(BH))

)
. (39)

The pure Bethe-Heitler contribution to the cross-section
reads (see [2])

|T(BH)|2 =
e6

t2
L(BH)

µν H(BH)
µν , (40)

where the leptonic tensor L
(BH)
µν is defined by

L(BH)
µν = tr

[{
ε̂∗

k̂ − ∆̂

(k − ∆)2
γµ + γµ

k̂′ + ∆̂

(k′ + ∆)2
ε̂∗

}
k̂

×
{

ε̂
k̂′ + ∆̂

(k′ + ∆)2
γν + γν

k̂ − ∆̂

(k − ∆)2
ε̂

}
k̂′

]
, (41)

and the hadronic tensor H
(BH)
µν is defined as

H(BH)
µν = ΓµΓν = (p + p′)µ(p + p′)νF 2

+(t). (42)

For the virtual Compton process we have

|T(VC)|2 = − e6

Q4
L(VC)

µν H(VC)
µν , (43)

where the leptonic tensor is given by

L(VC)
µν = tr

[
γµk̂γν k̂′

]
, (44)

and the hadronic tensor is given by

H(VC)
µν = TDVCS

µα ε∗αTDVCS +
νβ εβ . (45)

Here, as usual, TDVCS
µν denotes the DVCS amplitude.

The contribution arising from the interference be-
tween the Bethe-Heitler and virtual Compton processes
is given by

T(VC)T
+
(BH)+T(BH)T

+
(VC) =− 2e6

Q2t
L(Inter)

µν,α ReH(Inter)
µν,α , (46)

where the expressions for L
(Inter)
µν,α and H

(Inter)
µν,α have been

presented above.
Furthermore, using eqs. (30) and (39) and inserting

for the parametrizing functions (GPDs) H1, H3 and HA

their values calculated within the MIT bag model, as will
be presented in the next section, we obtain, as a function
of φ, the values for the SSA parameter shown in figs. 2
and 3. Note that we have chosen the kinematics for the
reaction (1) which can be achieved at the HERMES ex-
periments (see also [21,22]).

5 GPDs within the MIT bag model scheme

The generalized parton distributions (GPDs) are defined
as the parametrizing functions of light-cone matrix ele-
ments of bilocal field operators5∫

dλ

2π
eiλx〈π(p′)|ψ̄

(
−λn

2

)
Γψ

(
λn

2

)
|π(p)〉, (47)

where x is the momentum fraction of the parton, nµ a
light-cone vector to be specified later and Γ represents
Dirac matrix structures. The functions that we need arise
from the expectation values of γµ and γµγ5. With the
notation of ref. [6] the parametrizing functions appearing
in the SSA parameter are defined by the following matrix
elements:

Nf∑
a=1

e2
a

∫
dλ

2π
eiλx〈π(p′)|ψ̄a

(
−λn

2

)
γµψa

(
λn

2

)
|π(p)〉=

H1(x)Pµ + H3(x)∆T
µ , (48)

Nf∑
a=1

e2
a

∫
dλ

2π
eiλx〈π(p′)|ψ̄a

(
−λn

2

)
γµγ5ψa

(
λn

2

)
|π(p)〉=

iHA(x)εµνρσP νnρ∆σ
T . (49)

All the H-parametrizing functions are functions not
only of x but also of the momentum transfer t = ∆2 and

5 In eq. (47) the triplet of pion fields is defined by π =
{π0, π+, π−} (cf. [23]).
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Fig. 2. The SSA parameter as function of the angle φ.
The kinematic region of the calculation is defined by: t̂ =
−0.1 GeV2, x = 0.3, ξ = 0.3, S = 22 GeV2. Solid curve: the re-
sult within the Peirls-Yoccoz scheme. Dashed curve: the result
within the boosted scheme.
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Fig. 3. The boosted-scheme SSA parameter from only twist-3
contribution as a function of φ for the same kinematics as in
fig. 2.

therefore connect the parton distributions and the form
factors [2,3].

The parametrizing functions, whose properties can be
seen for instance in ref. [3], are defined as6

Hi(x, ξ)≡
Nf∑

a=1

e2
aHa

i (x, ξ)=
Nf∑

a=1

e2
a

{
Ha

i (x, ξ)Θ(−ξ≤x≤1)

−Hā
i (x, ξ)Θ(−1 ≤ x ≤ ξ)

}
. (50)

Here the Ha
i and Hā

i related to the b+
a b−a and d+

ā d−ā com-
binations of creation and annihilation operators, respec-
tively7.

We next proceed to calculate the parametrizing func-
tions within the MIT bag model. We choose the kinemat-

6 The parametrizing functions for fixed flavor represent
quark (antiquark) distributions in −ξ < x < 1 (−1 < x < ξ).

7 In our model the parametrizing functions extend beyond
the physically allowed region for valence partons, however in
this region, [−ξ, ξ], they might be understood as remnants of
the structure of our constituens [24,25].

ical variables in the Breit frame which become

p′µ =
(

M,
∆
2

)
, pµ =

(
M,−∆

2

)
, ∆µ = (0,∆T ,−2ξM).

(51)
From all these equations it is easy to obtain the ex-

pressions for the parametrizing functions

H1(x, ξ, t) =
Nf∑

a=1

e2
a

∫
dλ

2π
eiλx

×〈π(p′)|ψa

(
−λn

2

)
/nψa

(
λn

2

)
|π(p)〉, (52)

H3(x, ξ, t) =
Nf∑

a=1

e2
a

1
|∆T |2

∫
dλ

2π
eiλx

×〈π(p′)|ψa

(
−λn

2

)
/∆T ψa

(
λn

2

)
|π(p)〉, (53)

HA(x, ξ, t) =
Nf∑

a=1

e2
a

1
|∆T |

∫
dλ

2π
eiλx

×〈π(p′)|ψ+
a

(
−λn

2

)
Σyψa

(
λn

2

)
|π(p)〉, (54)

where Σy is the y component of the spin operator. We
need to emphasize, that within the most naive version of
the MIT bag model, i.e. when only confinement is taken
into account and no evolution is considered, only the va-
lence quarks degrees of freedom are considered. As a con-
sequence, in the π+ case the matrix elements of eqs. (52),
(53) and (54) read

H
(π+)
i (x, ξ) =

4
9
Hu

i (x, ξ)Θ(−ξ ≤ x ≤ 1)

−1
9
Hd̄

i (x, ξ)Θ(−1 ≤ x ≤ ξ) =∫
dλ

2π
eiλx 〈π+(p′)|ψ

(
−λn

2

)
Γiψ

(
λn

2

)
|π+(p)〉, (55)

where Γi = {/n, /∆T , γ0Σy} for the corresponding
parametrizing functions. Similar expressions can be eas-
ily written down for the other terms of the pion triplet.

In order to perform the calculation we use the MIT
bag model in the boosted scheme [26], whose virtues and
defects for this type of physics have been thouroughly dis-
cussed [27]. The expressions for the parametrizing func-
tions above become in this framework of the form

2M

∫
dλ

2π
eiλx

∫
d3xei∆·r

〈
ψ

(
r− λn

2

)
Γψ

(
r+

λn

2

)〉
,

(56)
where now the matrix elements are calculated within the
bag states normalized to 1 and Γ symbols the required
Dirac operators. These field operators give rise to a sum
over quark (anti-quark) wave functions of the form

2MZ

∫
dλ

2π
eiλx

∫
d3xei∆·r

〈
ψv

(
r− λn

2

)
Γψv

(
r+

λn

2

)〉
,

(57)
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where Z is a normalization factor coming from the spec-
tator particle and the boosted wave functions are given by

ψv(t, r) = S(Λv)
∫

d3k

(2π)3
exp (−iε̃0t − k̃ · r)ϕ(k). (58)

All the required definitions and notation from now on are
to be found in refs. [26] and [27].

After a tedious but straightforward calculation we ob-
tain the parametrizing functions for each quark flavor

Ha
1(x, ξ, t) =

4πN0R
6ZM

cosh ω(1 − (cosh ω − 1)∆2
z

t )

∫
dkT dϕ

(2π)3
kT

×
(

ϕ0(k′)ϕ0(k) +
k′ · k
k′k

ϕ1(k′)ϕ1(k)

−kz

k
ϕ0(k′)ϕ1(k) − k′

z

k′ ϕ1(k′)ϕ0(k)

+(cosh ω − 1)
(

1
kv2

(vzk · v − kzv
2)ϕ0(k′)ϕ1(k)

+
1

k′v2
(vzk′ · v − k′

zv
2)ϕ0(k)ϕ1(k′)

)

+ sinhω

(
kz

kv
(k′ · v − k′

zvz)

− k′
z

k′v
(k · v − kzvz)

)
ϕ1(k)ϕ1(k′)

)
, (59)

Ha
3(x, ξ, t)=

4πN2
0 R6ZM

2

cosh ω(1−(cosh ω−1)∆2
z

t )∆x

∫
dkT dϕ

(2π)3
kT

×
(
−kx

k
ϕ0(k′)ϕ1(k) − k′

x

k′ ϕ1(k′)ϕ0(k)

+(cosh ω − 1)
(

1
kv2

(vxk · v − kxv2)ϕ0(k′)ϕ1(k)

+
1

k′v2
(vxk′ · v − k′

xv2)ϕ0(k)ϕ1(k′)
)

+ sinhω

(
kz

kv
(k′ · v − k′

xvx)

− k′
x

k′v
(k · v − kxvx)

)
ϕ1(k)ϕ1(k′)

)
, (60)

and

Ha
A(x, ξ, t)=

4πN0R
6ZM

2

cosh ω(1−(cosh ω−1)∆2
z

t )∆x

∫
dkT dϕ

(2π)3
kT

×
(

cosh ω
(k × k′)y

kk′ ϕ1(k)ϕ1(k′)

+ sinhω

(
(k × v)y

kv
ϕ0(k′)ϕ1(k)

+
(k′ × v)y

k′v
ϕ0(k)ϕ1(k′)

))
. (61)

The valence anti-quark corresponding functions are ob-
tained from these by the following transformations:

Hā
1(x, ξ, t) = Ha

1(−x, ξ, t),
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Fig. 4. The generalized parton distribution H1 for the π± case
at t = −0.1 GeV2 and ξ = 0.3. Solid curve: the result within
the Peirls-Yoccoz scheme. Dashed curve: the result within the
boosted scheme.

-0.07
-0.06

-0.05

-0.04

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
x

H
3(

x,
 0

.3
),

 t
=

-0
.1

 G
eV

2

Fig. 5. The boosted-scheme generalized parton distribution
H3 for the π± case and for the same kinematics as in fig. 4.

Hā
3(x, ξ, t) = Ha

3(−x, ξ, t),
Hā

A(x, ξ, t) = −Ha
A(−x, ξ, t). (62)

The calculation thus far suffers from a traditional prob-
lem, namely the so-called support problem, i.e. the para-
metrizing functions are non-vanishing outside the physical
range [−1, 1]. For simplicity we use a generalization of the
prescription of ref. [24] given by

h(x) → 1
(1 − |x|)2 h

(
x

1 − |x|

)
, (63)

which limits the functions to the adequate interval [−1, 1].
Using the above expressions adequately modified by

the support prescription and saturating the spin flavor de-
grees of freedom of the pion wave functions we obtain the
pion parametrizing functions within the boosted scheme
which are shown in figs. 4, 5, and 6. In them one can see
how the region around x = 0 is the most problematic, but
does not affect the asymmetries in an important manner.

For the sake of completeness and complementarity
we have performed the calculation also in the unboosted
Peierls-Yoccoz [28] scheme. The latter has no support
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Fig. 6. The boosted-scheme generalized parton distribution
HA for the π± case and for the same kinematics as in fig. 4.

problem, but lacks recoil corrections. In this case we ob-
tain the following equations:

H̃u
1 (x, ξ, t) = N2(4πR3)2

∫ ∞

0

|kT |
d|kT |
(2π)2

∫ 2π

0

dϕα

(2π)

×
|φ1(k + ∆

2 )|2
|φ2(∆/2)|2

|(k + ∆
2 )0|

|(1 − x)|

×
(

ϕ0(k)ϕ0(k′) +
kk′

kk′ ϕ1(k)ϕ1(k′)

−kz − ∆z/2
k

ϕ0(k′)ϕ1(k) − k′
z + ∆z/2

k′ ϕ0(k)ϕ1(k′)

)
,

(64)

H̃u
3 (x, ξ, t) =

1
2
N2(4πR3)2M̄

∫ ∞

0

|kT |
d|kT |
(2π)2

∫ 2π

0

dϕα

(2π)

×
|φ1(k + ∆

2 )|2
|φ2(∆/2)|2

|(k + ∆
2 )0|

|(1 − x)|

×
(

1
k

ϕ0(k′)ϕ1(k) − 1
k′ϕ0(k)ϕ1(k′)

)
, (65)

and

H̃u
A(x, ξ, t) =

1
2
N2(4πR3)2M̄

∫ ∞

0

|kT |
d|kT |
(2π)2

∫ 2π

0

dϕα

(2π)

×
|φ1(k + ∆

2 )|2
|φ2(∆/2)|2

|(k + ∆
2 )0|

|(1 − x)| × kz

kk′ ϕ1(k)ϕ1(k′). (66)

Here the normalization of the wave functions reads

|φ2(p)|2 =
4πR3

(ω2 − sin2 ω)2
1
u

∫ ω

0

dv

v
sin

(
2uv

ω

)
T 2(v),

(67)

|φ1(p)|2 =
4πR3

(ω2 − sin2 ω)

∫ ω

0

vdv

ω2

sin
(

2uv
ω

)
2uv
ω

T (v), (68)

with

v =
|r|ω
2R

, u = |p|R, (69)

and the funtion T (v) given by

T (v) =
(

ω − sin2 ω

ω
− v

)
sin 2v −

(
1
2

+
sin 2ω

2ω

)
cos 2v

+
1
2

+
sin 2ω

2ω
− sin2 ω

ω2
v2. (70)

The results corresponding to the Peirls-Yoccoz scheme
are similar to those obtained in the boosted scheme as can
be seen for example in figs. 2 and 4.

For t → 0 both approaches are almost the same. How-
ever as t grows they become different, and in particular the
H3 parametrizing function, which vanishes in the Peirls-
Yoccoz scheme, becomes sizeable in the boosting scheme.
This is the reason behind the non-vanishing twist-3 con-
tribution to the asymmetry in our calculation. However
for the chosen kinematics this contribution is small.

As a final check we calculate the hadron sum rules that
arise from T -invariance [23,6], [12], i.e.

1∫
−1

dx

{
2
3
Hu(d)

1 (x, ξ)Θ(−ξ ≤ x ≤ 1)

+
1
3
Hd̄(ū)

1 (x, ξ)Θ(−1 ≤ x ≤ ξ)

}
= Fπ(t) , (71)

1∫
−1

dx

{
Hu(d)

(3,A)(x, ξ)Θ(−ξ ≤ x ≤ 1)

−Hū(d̄)
(3,A)(x, ξ)Θ(−1 ≤ x ≤ ξ)

}
= 0 . (72)

We reproduce these sum rules with good precision within
our model calculations. In particular when t → 0 we get
for the pion form factor (71) 0.94 instead of one.

6 Concluding remarks

The study of DVCS has shown that electromagnetic
gauge invariance requires twist-3 contributions. In order
to check this result experimentally we have analyzed the
scattering of linearly polarized electrons off hadrons and
demonstrated that the SSA is in principle sensitive to
the twist-3 contribution. In order to be quantitative we
have been forced to calculate GPDs, in particular, certain
parametrizing functions which characterize the needed
GPDs. To do so we have performed a calculation of the
required light-cone matrix elements in the MIT bag model
with both boosted and unboosted wave functions.

In figs. 4–6 we show all the parametrizing functions.
We have performed the calculation in two complementary
schemes. The boosting scheme, which takes proper care of
the recoil of the pion, but does not deal in an exact man-
ner with the center-of-mass problem and the Peirls-Yoccoz
scheme, which contains no treatment of the recoil, but
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deals adequately, for small t, with the center-of-mass prob-
lem. Certainly the twist-2 H1 is the largest, but the twist-3
ones are non-negligible and therefore, with an appropriate
choice of kinematics, they could be even dominant. How-
ever we have restricted our choice to the kinematics which
can be achieved in HERMES. For the nucleon, which con-
tains only valence quarks in our scheme, the contribution
of the twist-3 parametrizing functions will be larger.

In figs. 2 and 3 we show different aspects of our study
of the SSA. Figure 2 shows the SSA obtained by taking
all contributions into account. It is small but measurable
with todays high-luminosity beams and efficient detectors.
In fig. 3 we depict the pure twist-3 contribution to the
SSA which is small, 1% at the peak within the boosted
scheme, but not negligible. Thus, the implementation of
gauge invariance is not only theoretically relevant but also
quantitatively sizeable.

Our model for calculating the parametrizing functions
lacks at present one crucial ingredient, namely the renor-
malization group evolution. The necessary ingredients to
implement such a program to next-to-leading order are not
available. Results, however, might be strongly affected by
evolution as has been the case for other structure func-
tions [29]. Thus, until the actual calculation has been
evolved to the energy regime under scrutiny we will not
be fully certain about the experimental relevance of this
observable.

The future of the present calculation resides in gener-
alizing our results to the nucleon. For unpolarized nucle-
ons, the only difference in the treatment, arises from the
kinematics which is more complicated because we can-
not neglect the nucleon mass. This fact, however, should
not change the qualitative features of the present results
dramatically. For the reasons mentioned above, we expect
larger values both for the twist-2 contributions, because
there are more scatterers, as for the twist-3 ones, because
the contribution of the HA parametrizing function will
not be reduced. The next step should be to proceed to the
study of polarized nucleons. In this case the number of ob-
servables increases dramatically due to the spin structure
of the target and a study is under way aiming to separate
them in concrete experiments and estimate their values.

Our present work shows once again that factorization
allows the use of models and perturbative QCD in a con-
sistent fashion generating a predictive scheme which is
useful in guiding future experimental developments.
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